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Enabling the light-control of complex systems on ultra-short timescales gives rise to rich physics
with promising applications. While crucial, the quantitative determination of both the longitudinal
and shear photo-induced strains still remains challenging. Here, by scrutinizing asymmetric Bragg
peaks pairs (±h01) using picosecond time-resolved X-ray diffraction experiments in BiFeO3, we
simultaneously determine the longitudinal and shear strains. The relative amplitude of those strains
can be explained only if both thermal and non-thermal processes contribute to the acoustic phonon
photogeneration process. Importantly, we also reveal a difference of the dynamical response of
the longitudinal strain with respect to the shear one due to an interplay of quasi-longitudinal and
quasi-transverse acoustic modes, well reproduced by our model.
PACS numbers:
In principal coordinate system, the longitudinal strain
in matter is represented by a compressional field with
diagonal tensor. On the contrary, the shear strain ten-
sor has only off-diagonal terms associated with a zero
volume change. Specifically, it is the curl part (rota-
tional motion) of the atomic displacement which prop-
agates at the shear velocity in matter [1], i.e. shear
acoustic phonons carry angular momentum. In the con-
text of ultrafast science in condensed matter, this spe-
cific symmetry of atomic displacements has several im-
pacts: for examples the light-induced picosecond shear
pulse can be used to probe ultrafast friction in soft mat-
ter [2, 3] or induce ultrafast rotation of light-polarization
[4–7]. It has been also shown that during an ultrafast
light-induced demagnetization process the shear acous-
tic phonons can exchange angular momentum with spins
through the Einstein-de Haas effect [8, 9] or sometimes
called the Richardson effect [10, 11]. Beyond these two
examples, generating shear motion with light has re-
ceived a great deal of attention in general and demonstra-
tion of this phenomenon has been reported in different
materials like multiferroic oxides such as BiFeO3 [12–14],
piezoelectric semiconductors GaN or GaAs [4, 15], met-
als [4, 5, 16, 17] or spin-crossover compounds [18] for
citing a few. Despite this active and continuous effort,
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the underlying physics of the light-induced shear strain
generation remain unclear since the quantitative mea-
surement of the shear strain amplitude is lacking. X-
ray or electron diffraction methods appear as the natural
experimental tools to quantify the light-induced strain.
However time-resolved X-ray [9, 19–29] or electron [30–
32] diffraction experiments have mostly been applied to
extract the longitudinal strain. A few attempts of a quan-
titative evaluation of the light-induced shear strain am-
plitude have been recently reported in crystalline organic
thin film by time-resolved X-ray diffraction with 100 ps of
resolution [33] or in very thin layers, either by analysing
the time-dependence of intensity of electron diffraction
peak in layers of VTe2 [32] or by analysing the Bragg
peak shifts in graphite [31].
In this Letter we apply picosecond time-resolved X-
ray diffraction and measure the transient evolution of
the asymmetric Bragg reflection pairs (±h01) to quanti-
tatively determine the photoinduced shear and longitudi-
nal strains in a BiFeO3 (BFO) single crystal unit cell. We
evidence different temporal behavior between the shear
and longitudinal strains indicating that the BFO’s unit
cell starts to expand during the first tens of picoseconds
after the arrival of the light pulse and only then under-
goes a shear deformation. This peculiar dynamic is well
reproduced by our modeling based on strains wave propa-
gation theory. Moreover, quantitative information on the
strain amplitudes sheds new light on the photoinduced
generation process and indicates that both thermal and
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FIG. 1: (a) 3D view of the BFO pseudo-cubic unit cell with
displacement vector associated to the longitudinal and shear
photoinduced strain (orange and green arrows). The black
arrow is the BiFeO3 ferroelectric polarization pointing along
the [111]c direction. (b) Side view of the BiFeO3 pseudo-
cubic unit cell before and after the laser excitation showing
the in-plane and out-of-plane motion. (c) Transient opti-
cal reflectivity signal of BFO single crystal measured with
a 400 nm pump and a 800 nm probe beams. The red line
shows the acoustic phonon signal once the base line has been
subtracted. The inset shows the fast Fourier transform with
the quasi-longitudinal and quasi-transverse acoustic phonon
modes.
non-thermal processes are at play. Beyond the BFO case,
our work shows that this approach is very versatile and
can be employed to access to the in-plane atomic dis-
placements in any kind of structure where an in-plane
symmetry breaking is present or initiated by an external
stimulus including light pulses.
We first describe theoretically how the unit cell is dis-
torted in presence of a longitudinal and shear strain.
Knowing the rhombohedral distortion in bulk BFO is
weak (equivalent rhombohedral angle ∼ 89.5◦, and pseu-
docubic parameter a0 ∼3.96 A˚), we consider the pseudo-
cubic representation of the BFO lattice as depicted in
Fig 1(a). At equilibrium (before laser excitation), the in-
terplanar distances of the (101)c and (−101)c planes are
nearly identical (d101 ≈ d−101). As the laser pulse im-
pinges on the (001)c surface of BFO and due to the ex-
istence of in-plane symmetry breaking caused by the fer-
roelectric polar order, the laser-matter interaction leads
to the generation of shear motion [12–14, 34] in addition
to the longitudinal strain. Importantly, the shear strain
is expected to lead to an asymmetric change of the in-
terplanar distances d∗101 and d
∗
−101 with d
∗
101 > d
∗
−101 as
displayed in Fig. 1(b). This principle can be applied to all
(±h01) planes. Note that the atomic displacements asso-
ciated to the longitudinal and shear strain are symbolized
with orange and green arrows respectively in Figs. 1(a,b).
The relation between the interplanar distance d∗±h01 and
the longitudinal ηL and shear ηS strains is established in
the Supplementary Note 2 as:
d∗±h01 = d±h01
(
1 +
ηL ± |h| ηS√2
1 + h2
)
. (1)
Measuring both d∗h01 and d
∗
−h01 then allows disentan-
gling the photoinduced longitudinal and shear strains.
They cast as:
ηL =
1 + h2
2
×
[
d∗h01 − dh01
dh01
+
d∗−h01 − d−h01
d−h01
]
ηS =
1 + h2√
2 | h | ×
[
d∗h01 − dh01
dh01
− d
∗
−h01 − d−h01
d−h01
]
.
(2)
The experiments make use of a pump-probe scheme
where a femtosecond pulse with a photon energy of 3.1 eV
higher than the band gap (Eg ∼ 2.6 eV) generates strain
pulses in a single BFO crystal oriented along the [001]c
direction [35]. The propagation of the strain pulses is
then followed in the crystal’s depth either by another
femtosecond pulse with a photon energy of 1.5 eV or by
a synchronized hard X-ray picosecond pulse. In the all-
optical pump-probe experiment, detection with a photon
energy below the band gap allows detecting the emitted
coherent acoustic phonons over a long time of propaga-
tion by means of Brillouin scattering. In Fig. 1(c), the
change of the probe’s reflectively is plotted as a func-
tion of the pump-probe delay. Once the slow relaxation
signal is subtracted, the coherent acoustic phonons’ sig-
nal can be isolated (red curve in Fig. 1(c)) and its spec-
trum extracted with a fast Fourier transform (inset of
Fig. 1(c)). In the case of BFO, the existence of the sym-
metry plane (110)c being perpendicular to the irradiated
surface, restricts the light-induced atomic motions within
this (110)c plane and consequently suppresses the pure
shear motion. It turns out that only quasi-longitudinal
(QLA) and quasi-transverse (QTA) modes are excited in
agreement with previous studies [12, 13]. In the detection
process, the QLA and QTA modes are each split into two,
as shown in Fig. 1(c), due to BFO’s optical birefringence
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FIG. 2: (a) Scheme of the time-resolved X-ray diffrac-
tion in the grazing incidence geometry. (b) Reciprocal
space imaging of the (101)c and (−101)c Bragg diffraction
peaks at equilibrium. The positions (γ, δ) of the (101)c and
(−101)c Bragg diffraction peaks are (26.1874◦, 26.0802◦) and
(26.0367◦, 25.6879◦) respectively with a camera resolution of
8.64× 10−3 ◦/pixel. (c) Differential reciprocal space imaging
of the (101)c and (−101)c Bragg diffraction peaks at a time
delay of 200 ps and at a fluence of 3 mJ.cm−2.
as already discussed in a previous report [34]. The cor-
responding sound velocities are VQLA = 4970±30 m.s−1
and VQTA = 3020± 30 m.s−1 as deduced from the Bril-
louin frequency equation fB = 2nprobeV/λprobe where
nprobe is the BFO ordinary or extraordinary refractive
index at the probing wavelength λprobe [36].
Regarding time-resolved X-ray diffraction experi-
ments, the measurements were performed at the SOLEIL
Synchrotron on the CRISTAL beamline in the low-alpha
mode, with hard X-ray pulses of 7.155 keV energy and
12 ps duration [37]. The X-ray grazing incidence geom-
etry (1◦, see Fig. 2(a)) was used to match the optically
excited and probed volumes. The effective penetration
depths of the 3.1 eV pump beam and of the X-ray beam
can be estimated to ξp ∼40 nm [36] and ξX ∼70 nm [38],
respectively. In this diffraction geometry, the Bragg an-
gle θ is deduced from the relation cos(2θ) = cos(δ) cos(γ).
The pump beam size on the sample was about twice as
large as the X-ray probe beam size and the pump beam
fluence was set to either 1.5 or 3 mJ.cm−2. The (±h01)c
Bragg peaks were recorded as the function of the pump-
probe delay with gateable detector XPAD3.2 [39]. The
sample was rotated by 180◦ to switch between (h01)c and
(−h01)c Bragg diffraction peaks after a complete pump-
probe delay scan. Few scans were recorded for each set
of experimental parameters, namely ±h and the pump
fluence. Fig. 2(b) shows typical images of the (101)c and
(−101)c Bragg peaks before laser excitation.
Those are split, which indicates the presence of a sec-
ondary small ferroelectric-ferroelastic domain in the BFO
single crystal. After laser excitation, the (101)c and
(−101)c peaks evolve as depicted in Fig. 2(c) for a pump-
probe delay of 200 ps. The 2D center of mass (γ(t), δ(t))
was calculated for each pump-probe delay, which allowed
us to extract the time-dependence of the relative inter-
planar distance ∆d(t)/d after laser excitation (see Sup-
plementary Note 3).
The results for (101)c, (−101)c, (201)c and (−201)c
lattice planes are displayed in Fig. 3(a)-(b) for the first
300 ps. As expected, one can clearly observe non-
equivalent ∆d/d photoinduced dynamics for the (h01)c
and (−h01)c lattice planes after time delay zero. The
transient longitudinal and shear strains were derived by
using Eq. 2. The results are displayed in Fig. 3(c) and
show a plateau-like response after roughly 100 ps for both
strains with an amplitude ratio of ηL/ηS ≈ 6. Strikingly,
one can clearly observe a time delay between the onsets
of the longitudinal and shear strains (within the blue-
shaded area) in Fig. 3(c). The maximum of the longitu-
dinal strain is reached at around 40 ps while that of the
shear strain is only reached at around 60 ps. Such asyn-
chronous behavior was never observed before as previous
works were restricted only to the photoinduced longitu-
dinal strain [24, 26, 27]. Changing the laser pump fluence
to 1.5 mJ.cm−2 gives the same general temporal behav-
ior but with half the amplitude, thus confirming the lin-
ear response of the system to the laser excitation (not
shown).
The experimental data were analyzed by modeling the
laser induced strain propagation in the BFO single crys-
tal. We considered only the lattice dynamics and the
pump (optical) and probe (X-ray) pulses penetration
depths, neglecting the photoexcited carrier diffusion. We
remind that as the trigonal axis is not aligned with the
propagation axis of the acoustic modes x3, the generated
QLA and QTA modes have components both in-plane,
along the [110]c direction, and out-of-plane, along the
[001]c direction (see Fig. 3(d)). Therefore, we can write
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FIG. 3: (a) Time dependence of the relative variation of
the interplanar distance for the (101)c and (−101)c planes.
(b) Same as (a) but for the (201)c and (−201)c planes. (c)
Comparison of the experimentally determined photoinduced
strains (symbols) with theory (lines) as a function of the
time delay. The experimental strains were calculated by us-
ing Eq. 2 and the theory strains refer to < ηS > (t) and
< ηL > (t) from Eq. 4. (d) Sketch of the time-dependent
shape of the unit cell (from a cubic to a trapezoidal form) re-
lated to the spatial separation of the in-plane and out-of-plane
strain components of the QLA and QTA modes.
the total shear and longitudinal strains as:
ηS(t, x3) = η
QTA
S f(t−
x3
VQTA
) + ηQLAS f(t−
x3
VQLA
)
ηL(t, x3) = η
QTA
L f(t−
x3
VQTA
) + ηQLAL f(t−
x3
VQLA
),
(3)
where ηQTAS (η
QLA
S ) and η
QTA
L (η
QLA
L ) are the in-plane
and out-of-plane components of the QTA (QLA) mode
propagating at the velocity VQTA (VQLA) and f(t −
x3/VQTA,QLA) is the function describing the space and
time dependence of the strain associated to the QTA or
the QLA modes in the framework developed by Thom-
sen and coworkers [40]. The vector components ~ηQLA =
(−1, 4.8), ~ηQTA = (4.8, 1) and their associated velocities
(VQLA = 4710 m.s
−1 and VQTA = 2480 m.s−1) were cal-
culated by using the rotated elastic stiffness tensor in the
Christoffel framework (see Supplementary Note 4) with
the elastic constants measured and calculated from the
work of Borissenko et al. [41] and Shang et al. [42] re-
spectively (see Supplementary Note 4). To simulate the
transient lattice distortion, we assume the kinematic ap-
proximation of X-ray diffraction to be valid. In the kine-
matic approximation of diffraction theory, the measured
strains are average strains weighted by the transmission
factor of X-rays along the diffraction path:
< ηL,S > (t) =
∫∞
x3=0
dx3e
−L(x3)Λ ηL,S(t, x3)∫∞
x3=0
dx3e−
L(x3)
Λ
, (4)
L(x3) refers to the length travelled by the X-ray beam
within the BFO sample when diffracted at the depth x3.
Its expression, which depends not only on x3 but also on
the diffraction angles, is derived in the Supplementary
Note 5. The attenuation length of X-rays Λ= 4.22 µm
allows taking into account absorption of X-rays due to
the photoelectric effect.
The curves in Fig. 3(c) correspond to the calculated
strains by using Eq. 4 and are in good agreement with
the experimental data (squares and circles) by adjust-
ing ~ηQLA and ~ηQTA amplitudes in order to constrain the
vectors orthogonality. Our model reproduces this asyn-
chronous effect that originates from the opposite sign of
the in-plane components of the QLA and QTA modes
(~ηQLA(x
′
2) and ~ηQTA(x
′
2)) which leads nearly to a cancel-
lation of the total shear strain at early times (<≈ 20 ps).
As the acoustic modes have different velocities, this ef-
fect fades away as the acoustic modes separate in space
at longer times as sketched in Fig 3(d).
We now discuss the physics underlying the femtosecond
generation of the longitudinal and the shear strains in
BFO. In absorbing and piezoelectric materials, the pho-
toinduced strains can be initiated by thermal (thermoe-
lasticity) or non-thermal (inverse piezoelectric effect and
deformation potential) mechanisms [16, 17, 40]. As the
BFO bang gap decreases when increasing the hydrostatic
5pressure [13, 43], the longitudinal deformation potential
stress is positive and should lead to an out-of-plane con-
traction of lattice. On the contrary, our measurements
reveal an out-of-plane expansion of the lattice, ruling
out a possible contribution of the deformation potential
mechanism. As for the photoinduced stress driven by the
inverse piezoelectric effect mechanism (σPE), we have es-
tablished in a previous work the general expression of the
relevant components [13] (see Supplementary Note 6):
σPES = σ
PE
4 = (d31 − d33) cos(θ) sin(θ)E
σPEL = σ
PE
3 = (d31 cos
2(θ) + d33 sin
2(θ))E,
(5)
where d31 ∼ -30/-20 pm.V−1 [44, 45] and d33 ∼ 50/70
pm.V−1 [46] are the piezoelectric coefficients, θ ∼ 54◦
is the angle between the surface normal and x3 axis
and E is the internal depolarizing field. The theoreti-
cal contribution of the photoinduced thermoelastic stress
σTEij is assessed by calculating the tensorial expression
σTEij = Cijklβkl∆T with the anisotropic thermal expan-
sion (β) of BFO [47] and ∆T the temperature elevation.
It reads (see Supplementary Note 6):
σS
TE = σ4
TE = (C41β1 + C42β2 + C43β3 + 2C44β4)∆T
σL
TE = σ3
TE = (C31β1 + C32β2 + C33β3 + 2C34β4)∆T,
(6)
From Eq. 5 and Eq. 6 we can estimate the ratio of
the longitudinal and shear strains, while getting rid of
the internal depolarizing field and the temperature ele-
vation, which are not known exactly. We estimate that
σPEL /σ
PE
S ≈ 1 and σTEL /σTES ≈ 20, while the ratio from
our measurements is σL/σS ≈ ηLVQLA/ηSVQTA ≈ 12.
Thus, we can conclude that the strain generation mech-
anism is most likely taking its origin from both inverse
piezoelectric and thermal effects. Thus, we can conclude
that the strain generation mechanism is most likely tak-
ing its origin from both inverse piezoelectric and thermal
effects. Our results evidence that the thermal effect can-
not be neglected as proposed earlier [13, 26] and it would
be interested to take it into account in calculations which
at the moment reproduce only the contribution of the in-
verse piezoelectric effect [48].
In conclusion, we have determined quantitatively the
photoinduced longitudinal and shear strains at the pi-
cosecond time-scale in a BFO single crystal. Our theo-
retical modeling reproduces the experimental results and
brings into prominence the interplay of the propagating
quasi-longitudinal and the quasi-transverse modes on the
measured strains in the unit cell. We evidenced that the
BFO’s unit cell initially starts to expand during the first
tens of picoseconds after the arrival of the light pulse
and then later, after around 20 ps, undergoes a shear
deformation. Eventually, we show that the thermoelas-
tic mechanism is most likely to play an important role
in the photoinduced strains generation in BFO contrary
to previous reports in the literature. Finally, our results
demonstrate the strong potential of time resolved X-ray
diffraction for extracting the temporal evolutions of both
in-plane and out-of-plane lattice deformations, paving
the way to explore any kind of materials where in-plane
symmetry breaking can be modulated by an ultra-short
light pulse or any other stimulus.
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PACS numbers:
SUPPLEMENTARY NOTE 1
We show in the Supplementary Figure 1, the correspondance between the cubic, the rhombohedral and hexagonal
frames. As discussed in the text the plane (Ox′2x3), within the hexagonal or trigonal frame, is a symmetry plane for
BiFeO3 and corresponds to the (110)c plane in the cubic approximation.
(Oyz)	
plane		
Hexagonal	and	rhomboedral	
(red)	unit	cell	
Cubic	and	rhomboedral	(red)	unit	cell	
x3 
x1  
 x3 
[001]qc  
x1 [100]qc  
Cubic	unit	cell	
(101)qc	plane	
θ
x’2	
x’1	
x’2	
x’1	
x3 θ
FIG. 1: Cubic, rhomboedral (trigonal) and hexagonal frames. θ is the angle between the C3 axis of the trigonal BFO structure
and the normal of the irradiated surface (free surface) which is along x3. The tensors in the trigonal frame discussed in
Supplementary Note 4, are expressed in the coordinates (Ox′1x
′
2x3).
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strains. θ ∼ 54◦ is the angle between the C3 axis of the trigonal BFO structure and the normal of the irradiated surface (see
Suppl. Fig. 1).
SUPPLEMENTARY NOTE 2
In this note we describe all the physical entities in the cubic frame (Ox1x2x3) as shown in Suppl. Fig. 1. The
deformation of the cubic unit cell associated to the longitudinal (ηL = η3 =
∂u3
∂x3
) and shear (ηS5 = η5 =
∂u1
∂x3
, ηS4 =
η4 =
∂u2
∂x3
) is depicted in the following Supplementary Figure (Fig. 2). We can see that the shear strain ηS4 = η4
does not contribute to the modification of the interplanar distance of the planes (101), since it induces only a sliding
motion.
We can then demonstrate how the interplanar distances evolve in presence of strains thanks to the following
geometrical calculation (Fig. 3). In this figure, the projection of the unstrained pseudo-cubic unit cell in the (O, x1, x3)
plane is represented in orange. The pseudo-cubic lattice parameter is denoted a0. The (101) and (−101) interplanar
distances in the strained unit cells correspond to the lengths of the RD and PB segments, respectively. We have :
PB =
√
a02 −AP 2
AP = a0 × cos(α)
cos(α) =
a0 + ηS5a0√
(a0 + ηS5a0)
2 + (a0 + ηLa0)2
(1)
3A	 B	
C	 D	
Image	de	la	maille	déformée		
∂u1
∂x3
dx3
∂u3
∂x3
dx3
	
a0			
(-101)	
P	
R	
α	
β	
(101)	
x3
x1
	
a0			
FIG. 3: 2D Picture of the strained cubic unit cell in presence of a longitudinal (ηL =
∂u3
∂x3
) and shear (ηS5 =
∂u1
∂x3
) strain.
with a Taylor development for which ηL, ηS5 << 1, we arrive to :
PB = d∗−101 ≈
a0√
2
(1 +
ηL − ηS5
2
) (2)
Similarly, we can write for d∗101=RD:
RD =
√
a02 − CR2
CR = a0 × cos(β)
cos(β) =
a0 − ηS5a0√
(a0 + ηLa0)2 + (a0 − ηS5a0)2
(3)
which, with a Taylor development, leads to :
RD = d∗101 ≈
a0√
2
(1 +
ηL + ηS5
2
) (4)
By combining the above equations and generalizing that situation to the family (h01), we arrive to
∆d±h01
d±h01
=
d∗±h01 − d±h01
d±h01
=
ηL± | h | ηS5
1 + h2
(5)
It has to be noted previously that only ηS5 contributes to the symmetry breaking for the (±h01) planes. Considering
that the total amplitude of the shear strain is ηS =
√
η2S4 + η
2
S5 =
√
2× ηS5 as ηS4 = ηS5, then we can write as well :
∆d±h01
d±h01
=
d∗±h01 − d±h01
d±h01
=
ηL± | h | ηS√2
1 + h2
(6)
Consequently we deduce the longitudinal and shear strains as follows:
ηL =
1 + h2
2
× [d
∗
h01 − dh01
dh01
+
d∗−h01 − d−h01
d−h01
]
ηS =
1 + h2√
2 | h | × [
d∗h01 − dh01
dh01
− d
∗
−h01 − d−h01
d−h01
]
(7)
4SUPPLEMENTARY NOTE 3
The diffraction patterns were recorded with the 2D detector XPAD3.2 whose coordinates (γ, δ) are depicted in
the scheme given in Figure 2 of the main manuscript. The Bragg angle θ is deduced from the relation cos(2θ) =
cos(δ)cos(γ). We have extracted the center of mass (CoM) for each φ scan to determine ∆γ(t) and ∆δ(t) and to
finally deduce the relative variation of the interplanar distance variation as :
∆d±h01(t)
d±h01
=
1
2
cos(δ)sin(γ)∆γ(t) + sin(δ)cos(γ)∆δ(t)
cos(δ)cos(γ)− 1 (8)
where ∆d±h01(t)d±h01 =
d∗±h01(t)−d±h01
d±h01
with d∗±h01(t) the interplanar distance after the laser excitation.
SUPPLEMENTARY NOTE 4
In this note we describe the properties of the acoustic waves that propagate in the anisotropic BFO crystal after
the photoexcitation process. We establish the general expression of the propagating longitudinal and shear strain as
a function of out-of and in-plane components of the quasi-longitudinal and quasi-transverses acoustic modes found
by solving the Christoffel equation. We describe all the physical entities in the trigonal frame (Ox′1x
′
2x3) as shown in
Suppl. Fig. 1. As an example the Voigt component of index 2 refers to axis x′2.
Christoffel equation
The Christoffel equation permits to describe the displacement vector of the acoustic modes in any direction of a
crystal having a given symmetry [1]. For the particular case of our geometry, for a wave propagating along the x3
direction, the Christoffel tensor becomes :
Γx3 =
C55 0 00 C44 C34
0 C34 C33
 (9)
This indicates that a pure shear wave with a particle displacement along x′1 propagating at the sound velocity
VTA =
√
C55/ρ can propagate along x3. But, as mentioned in the main manuscript, this wave is not generated
for symmetry reason : the (110)c is a symmetry plane. That plane in the cubic frame corresponds to the so-called
(Ox′2x3) in the trigonal frame (see Supplementary Note 1). There are also two waves (named QLA and QTA) having
particle displacement in the plane Ox′2x3 and by solving the Christoffel determinant :
∆ =
∣∣∣∣C44 − ρV 2 C34C34 C33 − ρV 2
∣∣∣∣ = 0 (10)
We show that the quasi-longitudinal and a quasi-tranverse modes velocities are:
VQLA =
√
(C44 + C33) +
√
(C44 − C33)2 + 4C234
2ρ
VQTA =
√
(C44 + C33)−
√
(C44 − C33)2 + 4C234
2ρ
(11)
The values of the elastic stiffness coefficients in the rotated base used to estimate these velocities, are given in the
following tensor:
Cijkl(θ = 54
◦) =

207. 93.291 79.709 −40.5849 0. 0.
93.291 130.083 77.4306 9.93573 0. 0.
79.709 77.4306 181.056 −26.8898 0. 0.
−40.5849 9.93573 −26.8898 57.4306 0. 0.
0. 0. 0. 0. 19.784 −11.5777
0. 0. 0. 0. −11.5777 52.216
 (12)
5The non-rotated tensor values come from the literature. C11, C33, C44 and C66 come from experimental values
found in Ref. [9] (note that these authors have used a slightly different density for BFO as 8.4g.cm−3). We remind
that C66 = (C11 − C12)/2. C14 and C13 are calculated values (GGA method) found in Ref. [10]. The non-rotated
elastic stiffness tensor is (value in GPa).
Cijkl(θ = 0) =

207. 123. 50. 19. 0. 0.
123. 207. 50. −19. 0. 0.
50. 50. 159. 0. 0. 0.
19. −19. 0. 30. 0. 0.
0. 0. 0. 0. 30. 19.
0. 0. 0. 0. 19. 42.
 (13)
Using the elastic stiffness constants in the rotated frame, we arrive to : VQLA ≈ 4710 m/s and VQTA ≈ 2480 m/s.
In our experiments (see Fig. 1 in the main manuscript), we measured VQLA ≈ 4970 m/s and VQTA ≈ 3020 m/s. The
relative difference of around 5− 20% is important but is typically the one we find when comparing the different data
of the literature [9, 10].
The eigen vectors, i.e. the in-plane and out-of plane components of these QLA and QTA waves are : ~uQLA ≈
(0, 1, 4.47) and ~uQTA ≈ (0,−4.47, 1) and are represented in Fig. 3(d) of the main manuscript. The general expressions
of the time and space dependence of the particle displacements associated to the QLA and QTA modes become then:
~uQLA = A× f(t− x3
VQLA
)~x′2 + 4.47A× f(t−
x3
VQLA
)~x3
~uQTA = −4.47B × f(t− x3
VQTA
)~x′2 +B × f(t−
x3
VQTA
)~x3
(14)
A and B are the amplitudes and f(t− x3VQLA ) and f(t− x3VQTA ) describe the propagative nature of the acoustic waves
associated to the QLA and QTA modes respectively.
The associated strains become :
~ηQLA =
∂~uQLA
∂x3
=
−A
VQLA
× f(t− x3
VQLA
)~x′2
+
−4.47A
VQLA
× f(t− x3
VQLA
)~x3
~ηQTA =
∂~uQTA
∂x3
=
4.47B
VQTA
× f(t− x3
VQTA
)~x′2
+
−B
VQTA
× f(t− x3
VQTA
)~x3
(15)
The total in-plane (shear) and out-of-plane (longitudinal) strains coming from both contributions of the QTA and
QLA modes, consist in the addition of components along x′2 and x3 respectively. We have:
ηT (t) =
4.47B
VQTA
f(t− x3
VQTA
) +
−A
VQLA
f(t− x3
VQLA
)
ηL(t) =
−B
VQTA
f(t− x3
VQTA
) +
−4.47A
VQLA
f(t− x3
VQLA
)
(16)
6Modeling the photoinduced strain functions
In the main manuscript we have defined the functions f(t − x3/VQTA) and f(t − x3/VQLA) which describe the
time and space dependence of the photoinduced strain to QLA and QTA modes. As a first very simple approach, we
have considered that the emitted coherent acoustic pulse can be derived according to Thomsen et al [2] describing
the space and time dependence of a bipolar acoustic pulse emitted from the free surface of a material after an
ultrafast photoexcitation with the stationary strain near the surface. We have considered this Thomsen’s function as
representative for f(t− x3/VQTA) and f(t− x3/VQLA) with [2]:
f(t− x3/VQTA) = [e−x3/ξp(1− 1
2
e−VQTAt/ξp)
− 1
2
e−|x3−VQTAt|/ξpsgn(x3 − VQTAt)]
f(t− x3/VQLA) = [e−x3/ξp(1− 1
2
e−VQLAt/ξp)
− 1
2
e−|x3−VQLAt|/ξpsgn(x3 − VQLAt)]
(17)
with ξp ∼ 40nm the penetration depth of the pump beam. The general longitudinal and shear strain become:
ηS(t, x3) = η
QTA
S f(t−
x3
VQTA
) + ηQLAS f(t−
x3
VQLA
)
ηL(t, x3) = η
QTA
L f(t−
x3
VQTA
) + ηQLAL f(t−
x3
VQLA
),
(18)
The parameters ηQTAS , η
QLA
S , η
QTA
L and η
QLA
L which depend on the A, B, VQLA and VQTA, are fitted in our Fig.
3d (main manuscript). Note that the parameters A and B depend on the photogeneration processes.
SUPPLEMENTARY NOTE 5
In the following, we derive the expression of the length travelled by the X-ray beam within the BFO sample when
diffracted at the depth x3. For that we present in the Fig. 4 the geometry of the diffraction experiment with the
incident Lin = [OP ] and scattered Lout = [PL] beam paths. The entrance point of the incident beam is O and the
exit point of the scattered beam is L. The scattering process takes place at point P . The incident and output paths
length are:
Lin = x3/sin(1
◦)
Lout =
√
(xL − Lin)2 + y2L + z2L
(19)
The coordinates (xL, yL, zL) are defined by the Bragg conditions, i.e. by the angles (δ, γ), with:
yL = (xL − Lin)tan(γ)
zL = xLtan(1
◦)
(20)
Another expression of zL can be derived by considering the projection of [PL] in the (O,x,y) plane, denoted [PL
′]:
[PL′]2 = [(xL − Lin)2 + y2L + z2L]cos2(δ) = (xL − Lin)2 + y2L
zL = tan(δ)
√
(xL − Lin)2[1 + tan2(γ)]
(21)
723	
γ	
δ	
x	
z	
y	
1°	
x3		
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P
L
O	
Sample	surface	
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FIG. 4: Calculation of the path of the incident and scattered X-ray beam as a function of the depth x3.
We need then to find xL as a function of the experimental parameters. With zL = xLtan(1
◦) and considering
Eq. 21, we arrive to xLtan(1
◦) = tan(δ)
√
(xL − Lin)2[1 + tan2(γ)] which, once squared, leads to a second-degree
polynomial expression:
x2L[tan
2(1◦)−G] + xL[2LinG]− L2inG = 0
(22)
with G = tan2(δ)[1 + tan2(γ)]. The solution of this equation is:
xL = Lin
(
G+
√
Gtan(1◦)
G− tan2(1◦)
)
= LinF
(23)
The total path L = Lin + Lout becomes:
L = Lin
[
1 + (F − 1)
√
1 + tan2(γ) + tan2(δ)(1 + tan2(γ))
]
= Lin [1 + F
′] =
x3
sin(1◦)
[1 + F ′]
(24)
The F ′ factor is found equal to 0.0416 for the (±101) Bragg peaks and equal to 0.0407 for the (±201) Bragg peaks.
SUPPLEMENTARY NOTE 6
In this section, we describe the theoretical calculation of the photoinduced stresses used in Eq. 5 and 6 of the
main manuscript. In the photoexcitation process, the equation of motion must include the source term, i.e. the
photoinduced shear σ2 (source term for the in-plane displacement u2 along x
′
2) and longitudinal σ3 (source term for
the out-of-plane displacement u3 along x3) according to:
ρ
∂2u2(x3, t)
∂t2
− C44 ∂
2u2(x3, t)
∂x23
− C43 ∂
2u3(x3, t)
∂x23
=
∂σ2(x3, t)
∂x3
ρ
∂2u3(x3, t)
∂t2
− C43 ∂
2u2(x3, t)
∂x23
− C33 ∂
2u3(x3, t)
∂x23
=
∂σ3(x3, t)
∂x3
(25)
8These photoinduced stresses can then be described by the inverse piezoelectric or the thermoelastic effects, or by a
combination of both. (Remark : without the source term we come back to the Christoffel equation, see Supplementary
Note 4)
We have established in a previous paper the general expression of the photoinduced stress driven by the piezoelectric
effect [3] with :
σPET = σ
PE
23 = (d31 − d33)cos(θ)sin(θ)E
σPEL = σ
PE
33 = (d31cos
2(θ) + d33sin
2(θ))E
(26)
d31 ∼ -30/-20 pm.V−1 [4, 5] and d33 ∼ 50/70 pm.V−1 [6] are the piezoelectric coefficients. θ ∼ 54◦ and E is the
internal depolarizing field.
The theoretical contribution of the photoinduced thermoelastic stress (TE) σTEij is assessed by calculating the
tensorial expression σTEij = Cijklβkl∆T . For that we have to take into account the anisotropic thermal expansion of
BiFeO3. The (001)qc cristal corresponds to a trigonal crystal for which the [001]R direction is rotated by an angle of
θ=54◦ around the (Ox′1) axis (See Supplementary Figure 1). We remind that R means the trigonal coordinates. Doing
such a rotation, the relevant thermal expansion coefficients become β4 = β23 = (βa − βc)cos(θ)sin(θ), β2 = β22 =
βacos
2(θ) +βcsin
2(θ) and β3 = β33 = βasin
2(θ) +βccos
2(θ), with βa=0.7.10
−5K−1 and βc=1.2.10−5K−1 the thermal
expansion coefficients in the [100]R and [001]R directions at 300K [7]. We have also rotated the elastic stiffness tensor
[8] to obtain the final longitudinal (σTE33 ) and shear (σ
TE
23 ) thermoelastic stress components. The rotated tensor has
already been given in the Supplementary Note 4. The light-induced thermoelastic shear and longitudinal stresses are
then:
σT
TE = σ23
TE = (C41β1 + C42β2 + C43β3 + 2C44β4)∆T
σL
TE = σ33
TE = (C31β1 + C32β2 + C33β3 + 2C34β4)∆T
(27)
As mentioned in the main manuscript, looking at the ratio σT /σL permits to get rid of the internal depolarizing
field E and of the lattice temperature increases ∆T , which both are not known precisely.
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